OBJECTIVE: To investigate the effect of exercise training and dietary macronutrient composition on 24 h substrate oxidation in male, obese subjects. DESIGN: A 16 month exercise intervention study was executed, including a weight loss period with a very low energy diet (VLED) for 2 months at the start of the study. SUBJECTS: Twelve male, obese subjects (age 36.3 AE 5.1 y; body weight 94.6 AE 13.9 kg; body mass index, BMI 30.8 AE 3.0 kgam 2 ) and in an additional study 15 lean, well-trained subjects (age 36.2 AE 7.2 y; body weight 72.2 AE 5.9 kg; BMI 22.3 AE 1.7 kgam 2 ) participated. MEASUREMENTS: Substrate oxidation was measured during a standardized 36 h stay in the respiration chamber at the start of the study (0 months), and at 4, 10 and 16 months. In the respiration chamber subjects were randomly assigned to a high-fat (Hi.F) diet (60% of energy (En%) fat) or a reduced-fat (Red.F) diet (30 En% fat). The well-trained group was measured once in the respiration chamber for 36 h according to the same protocol. RESULTS: At any time point, independent of the diet consumed, the 24 h carbohydrate (CHO) balances in the chamber were mostly negative (means ranging from 31 to À98 gad) and the fat balances mostly positive (means ranging from À26 to 38 gad) for the obese a well as for the lean, well-trained group. For both diets an increased shortage of 70 g of CHO was found at 16 months compared with 4 months, and an increase in fat balance of 33 g during the same time period in the obese subjects, indicating that CHO oxidation had increased with 12 months endurance training. In the well-trained group the 24 h CHO balance was even more negative for both types of diet (À103 to À185 gad for the Red.F and Hi.F diet, respectively) under similar conditions compared with the trained obese group. CONCLUSION: The changes in 24 h substrate utilization in the obese, as well as in the well-trained group, suggest that endurance training increased the reliance on carbohydrate oxidation and therefore did not increase 24 fat oxidation.
Introduction
Maintenance of body weight (BW) is achieved when energy intake and energy expenditure are balanced via manipulation of the type and quantity of food consumed or level of physical activity. 1 Over the last decade a number of studies have suggested that a positive energy balance, causing obesity, is mainly a result of a positive lipid balance, 2 ± 5 caused by decreased physical activity and an increased consumption of high-fat diets. 6 ± 8 To accomplish fat balance, oxidation of fat should be stimulated (by exercise or drugs) andaor fat intake should be decreased (low-fat diet). 9 ± 11 In normal-weight subjects, exercise training has been found to result in increased fat oxidation during rest and exercise. 12 ± 16 In contrast to normal-weight subjects, obese subjects were found to have a relatively impaired fat oxidation. 17 Consumption of a high-fat diet will therefore easily result in a positive fat balance, and eventually an increase in body weight. 5, 18 Obese subjects are therefore advised to eat a low-fat diet and perform endurance-type exercise to reduce the positive fat balance and prevent weight gain. 19, 20 The increased capacity to oxidize fat, as found in normal-weight subjects after training intervention, 12 ± 16 could be a useful mechanism for maintenance of body weight for obese subjects after a weight reduction period. However, does exercise training affect fat oxidation in the same way in weight-reduced obese subjects as in lean subjects?
To answer this question we undertook the following study. After a 4 month period of weight reduction and weight stabilization by means of a very low energy diet (VLED) and a physical activity program in obese men, a 12 month exercise intervention study was executed to investigate changes in 24 h substrate oxidation at different time points. The substrate balances were examined by means of 36 h measurements in a respiration chamber. It was further hypothesized that stimulation of fat oxidation in weight-reduced obese subjects caused by the exercise intervention would improve the fat balance even when acutely a high-fat diet is consumed. We therefore studied the effect of a high-fat diet (Hi.F diet; 60% of energy (En%) fat) and a reduced-fat diet (Red.F; 30 En% fat) on substrate oxidation. To compare these effects with a maximal effect of endurance training on substrate oxidation, the results of the obese group were compared with results of a lean, well-trained group of athletes following the same protocol in the respiration chamber. Although there are differences in subject characteristics, this comparison might give an indication of what might be achieved in the post-obese subjects with endurance training.
Methods

Subjects
Fifteen Caucasian, obese men, recruited via the local newspaper, participated in this study after a physical, medical examination (age 37.3AE 5.2 y; BW 96.5AE 13.6 kg; body mass index, BMI 30.9 AE 2.8 kgam 2 ). The very low energy diet (VLED) was started with 16 male obese subjects. One subject was not able to keep to the strict diet regime. Halfway into the study, three subjects were not able to continue the training program. Therefore data from 12 obese subjects are presented (age 36.3 AE 5.1 ; BW 94.6AE 13.9 kg; BMI 30.8 AE 3.0 kgam). For comparison of the 24 h substrate oxidation data during the standardized respiration chamber protocol, we also measured 15 very well trained athletes (age 36.2 AE 7.2 y; BW 72.2AE 5.9 kg; BMI 22.3 AE 1.7 kgam 2 ), matched for age. On average, the well-trained athletes trained for 12.1AE 7.4 h a week, and had a training history of 19.6AE 7.7 y. All trained athletes participated in cycling or triathlon competitions. Written informed consent was obtained from each subject at the start of the study. The study protocol was reviewed and approved by the Medical Committee of Maastricht University.
Study design
The obese subjects kept to a VLED (Modifast 1 , Novartis Nutrition, Switzerland) for 2 months in order to lose weight. Total energy intake during VLED was 2 MJ daily. After the VLED subjects were advised about a healthy, weight maintenance diet, but not restricted in their energy intake, and could eat ad libitum. All subjects took part in the endurance training program during the ®rst 4 months of the study, of which the ®rst 2 months were combined with the VLED. Intensity and performance time of the training were gradually built up because all subjects were inactive at the start of the study. After 1 month training the subjects ran and cycled at a moderate intensity (around 50% V X O 2max for at least 1 h, three to four times a week, and were coached by the investigator (WP). Exercise intensity was regularly controlled by heart rate monitoring. This training intervention was performed by all subjects to prevent a fast rebound of body eight after the VLED, and to have a similar starting point to study substrate utilization at 4 months. After 4 months the training sessions were continued at a triathlon club where they were able to swim, cycle and run in group sessions (three to four times a week), supervised by a coach. Training intensity was continuously checked by monitoring the heart rate of two different subjects each training session and kept at 60 ± 65% V X O 2max . Therefore, absolute training output was adapted based upon the maximal oxygen uptake.
Compliance with endurance training during the weight maintenance phase
Compliance with training sessions was checked by a training diary (including day-to-day activities and remarks like illness, injury, weather conditions, etc), questionnaire (®lled in at the laboratory when measurements took place) to check frequency of training (number of training hours a week) and by the investigator (WP) visiting training sessions to examine compliance from 4 to 16 months. Of the 15 participating subjects, three dropped out of the training program during the 12 month follow-up, ®ve subjects trained once to twice a week, and seven subjects were able to keep the training frequency at a high level, three times a week or more.
Physical ®tness
One week before the respiration chamber experiments, subjects performed a maximal performance test (an incremental exercise test) on an electromagnetically braked cycle ergometer (Lode, Groningen, The Netherlands) to estimate maximal power output (W max ). After a warm-up period of 9 min (5 min at 40 W and 4 min at 80 W) the workload was increased every minute by 20 W until the work load could no longer be sustained. The maximal power output was calculated using the total time cycled in the exercise test. The highest workload completed for 1 min (W completed) and the number of seconds (X) that the ®nal increase of 20 W was maintained were added, according to the following formula: W max W completed ((Xa60) * 20). Criteria for maximal performance were forced ventilation, levelling off of oxygen uptake or a respiratory quotient (RQ) above 1.1. The oxygen uptake during the test was measured continuously, using a computerized open system (Oxycon Beta, Mijnhardt, Bunnik, The Netherlands).
Body composition
The deuterium dilution technique was used for measurement of body composition in this study. 21 2 H 2 O dilution was used to measure total body water (TBW). Subjects were asked to collect a urine sample in the evening just before drinking the deuterium enriched water solution. After consumption of this solution no further consumption was allowed. Ten hours after drinking the water solution another urine sample was collected. The dilution of the deuterium isotope is a measure of total body water of the subject. 
Energy intake
The amount of food consumed was recorded 3 days prior to the respiration chamber measurement in a food intake diary. Subjects were asked to write down everything that was consumed (meals, drinks and snacks) before each respiration chamber experiment. After returning the diaries, estimation of the portion sizes was con®rmed by examining household attributes to improve the estimation of the amount of food consumed. The diaries were analysed with the Dutch food table and the accessory computer program. 23 
Respiration chamber experiment
At four ®xed time points during the study (at month 0 and at 4, 10 and 16 months), subjects stayed in the respiration chamber for 36 h. Because of the weight loss of 13.7AE 3.0 kg after 8 weeks VLED (range 8.2 ± 18.5 kg), no respiration chamber measurement was performed at 2 months, since the in¯uence of the weight loss would overrule the effect of exercise training. Subjects came to the laboratory at 17.15 h and the respiration chamber measurement started at 18.00 h. The participating men were randomly assigned to a high-fat diet (Hi.F) or a reduced-fat diet (Red.F) in the respiration chamber. Energy intake (EI) was carefully adjusted to the estimated energy expenditure (EE), in order to achieve 24 h energy balance (EB). On the ®rst evening, the dinner provided 40% of the energy needed to maintain the subjects' EB, based on resting metabolic rate (RMR) calculated from the equations of Harris and Benedict 24 multiplied by a physical activity factor of 1.5 (for the obese, inactive group) or 1.7 (for the well-trained group) for free living conditions. This difference in physical activity factor was based upon the differences in daily physical activity and exercise training frequency. On the ®rst day of the test no physical training activities were allowed. After the ®rst night the sleeping metabolic rate (SMR) was measured and, based upon this value and he calculated amount of planned work to be executed that day in the respiration chamber, the subjects were fed in order to achieve EB.
Respiration chamber conditions
Energy expenditure (EE) and respiratory quotient (RQ) were calculated from oxygen consumption and carbon dioxide production as measured in a respiration chamber, 25 according to the formulae of Weir, 26 from 0.00 to 0.00 h the next day. The assumption was made that protein intake and oxidation were equal under these conditions in the respiration chamber, as previously observed in our laboratory. 25, 27, 28 Oxidation of carbohydrate (CHO) and fat was calculated using the equations of Brouwer:
is the carbon dioxide production (Lad), and P is the protein oxidation (gad).
Results of alcohol combustion tests (50 ± 350 ml CO 2 ) showed an accuracy of 0.5 AE 2.0% for O 2 consumption and À0.3 AE 1.6% for CO 2 production for 2 ± 24 h experiments. 25 The physical activity of the subjects in the chamber was monitored by means of a radar system, based on the Doppler principle (Advisor DU 160, USA).
High-fat and reduced-fat diets
In the respiration chamber two groups, consuming either a high-fat (Hi.F) diet or a reduced-fat (Red.F) diet on each occasion, were studied. Exchange of macronutrients was carried out for CHO and fat. The Hi.F-diet contained 15 En% of protein, 60 En% of fat and 25 En% of CHO. The amount of ®bre was 0.8 gap MJ and the PaS ratio was 0.17. The Red.F-diet contained 15 En% of protein, 30 En% of fat and 55 En% of CHO. The amount of ®bre per MJ was 1.2 g and the PaS ratio 0.46.
The meals were served at 8.00 h (breakfast); at 13.00 h (lunch) and t 18.00 h (dinner). The composition of the macronutrients for each meal was similar to the composition of the diet over the whole day. Breakfast contained 25 of the total energy intake (EI), lunch contained 35%, and dinner comprised 40% of the total EI. The meals were prepared with common food items like bread, cheese, jelly, sausage, milk, pasta, etc. Each food item was weighed to the nearest gram on a precise balance. In between the main meals subjects were allowed to drink water, tea or coffee without sugar and milk (only sweeteners were allowed), to prevent energy intake between the main meals.
EB was determined by subtracting 24 h EE from energy intake (EI). Macronutrient composition and total EI were calculated using the Dutch food composition table. 23 The food quotient (FQ), de®ned as the ratio of CO 2 produced to O 2 consumed during the Exercise training increases 24 h carbohydrate oxidation WJ Pasman et al oxidation of a representative sample of the diet, 30 was calculated using the following equations:
where the intake of protein, fat and CHO is expressed in grams per day. For energy intake calculations, the differences in digestibility of the macronutrients, the Atwater factors, were taken into account (for protein, fat and CHO the factors are 0.909, 0.948 and 0.953 respectively).
Activity protocol
In the respiration chamber a strict activity protocol was kept. Subjects were woken at 7.15 h and were asked to sleep at 23.00 h. During their stay in the respiration chamber subjects were asked to cycle for 1 h at 40% of their W max twice (at 10.00 and at 15.00 h). Ef®ciency of cycling of the subjects was assumed to be 21% and they cycled for 5 min at a ®xed work load of 60 W during the warming-up and cooling-down. During the daytime subjects were allowed to move freely, to sit, lie down, telephone, listen to the radio and watch television; however sleeping and other exercise activities than those prescribed were not allowed.
Due to the training program the individual maximal aerobic capacity and power output increased during the course of the study. Therefore the relative work load cycled in the respiration chamber changed.
From the results at month 0 it became clear that energy balance was not reached. Therefore it was decided to ask the subjects to stay an additional 24 h in the chamber at 16 months (in total 60 h) to mimic the negative energy balance on an individual basis as much as possible. It also gave us the opportunity to compare 24 h substrate oxidation at the same initial (month 0) absolute work load. At the ®rst day the normal procedure was performed (feeding subjects in energy balance and cycling at a relative work load of 40% W max ). During the second day exactly the same conditions regarding energy balance and absolute workload were imposed as measured during the ®rst chamber measurement at month 0. This second day stay enabled us to compare substrate utilization changes caused by training and weight loss at the same absolute work load. Nine subjects were willing to participate in this part of the study.
Data analysis
Four major questions with respect to 24 h energy and substrate balances were studied:
1. Long-term training effect and the effect of body weight gain. The effect of training in the obese group was examined using an exercise protocol in the respiration chamber with a relative work load of 40% W max . Comparison of the starting condition of weight maintenance (month 4 after weight loss and ®rst training period, n 12) with the month 10 measurement and the ®nal month 16 measurement (training and weight gain) was performed with ANOVA repeated measures. 2. Effect of training and body weight changes. The effect of training in the obese group after a weight reduction period was examined using an exercise protocol in the respiration chamber with an absolute work loan based on 40% W max at baseline. The measurements at baseline (month 0) and on the second day of month 16 (n 9) were compared with paired t-tests. 3. Macronutrient composition of the diet. The effect of diet supplied in the respiration chamber (Hi.F vs Red.F) was analysed by comparison of the RQ and FQ of the diets at different time points ((n 6 in each diet group) with the non-parametric Friedman test. 4. Training status. The obese group at 16 months of training was compared with the lean, well-trained group to ®nd out whether the possible change in substrate utilization due to the training intervention in the obese subjects was closer to that of the lean, well-trained subjects. Differences were analysed with unpaired t-tests.
In the text, tables and ®gures, data are presented as mean AE standard deviation (s.d.). Physical characteristics and energy intake data (n 12) were analysed using ANOVA repeated measures.
Results
Physical characteristics
Physical characteristics of the well-trained group differed signi®cantly in almost all physical parameters from those of the obese group (tested non-parametrically); subjects were only matched for age (Table 1) . In both the obese and well-trained randomized subgroups, receiving a Hi.F (n 6 and n 8 respectively) or Red.F diet (n 6 and n 7, respectively), no differences in physical characteristics were found within each group (Table 1) . At the end of the study the obese group that received a Hi.F-diet in the respiration chamber had trained on average for 2.1AE 2.3 haweek, which was similar for the Red.F-diet receiving group, 2.0AE 2.1 haweek. The number of training hours a week of the obese subjects Exercise training increases 24 h carbohydrate oxidation WJ Pasman et al was signi®cantly increased compared with the sedentary status at the beginning of the study. Of the well-trained subjects the Hi.F-diet group trained 13.3AE 9.7 haweek and had a training history of 18.8AE 8.9 y; the Red-F-diet group trained 10.9AE 3.8 haweek and had a training history of 20.6AE 6.7 y. The recorded amount of food consumed ad libitum prior to the chamber experiments did not change very much over time (Table 2) . However, clear differences in amount and macronutrient composition were found in diet consumed by the obese and by the well-trained group. Considering the differences in recorded EI and measured EE, under-recording of approximately 40% must have occurred for the obese, but of less than 5% for the lean subjects.
Long-term training effect and the effect of body weight gain Both the Hi.F diet and the Red.F diet group were in EB during the 24 h respiration chamber experiments performed at 4, 10 and 16 months ( Table 3) . The relative work load of 40% W max at 4 months was 117AE 12 and 122AE 19 W for the Hi.F and Red.F diet group, resp. Six months later the 40% W max was, on Negative CHO balances were found for both diets, especially at 10 and 16 months. For both diets a difference of 70 ± 80 g of CHO in comparison to the month 4 measurement was found. During the training intervention the fat balance became more positive (an increase of AE 35 g). Table 3 further illustrates that the substrate oxidation of the obese group at 10 and 16 months shifted towards the oxidation shown by the well-trained group.
Training and body weight changes
The effect of training, weight loss and weight gain were examined by comparison of 24 h energy and substrate balance at baseline (month 0) and at the second 24 h respiration chamber day at 16 months. The changes in BW are shown for all subjects individually (Figure 1 ).
The subjects exercised throughout the day at the same absolute work load (Hi.F group, (n 5, 102AE 6 W; Red.F group, n 4, 106AE 17 W) determined at month 0 and a comparable, individual negative energy balance was imposed (À1.2 AE 1.1 MJ) at 16 as at 0 months. Despite the negative EB, the CHO and fat balances of both diets indicated that subjects relied mostly on CHO at 16 months. The results measured at month 0 and month 16 (second day) (Table 4 ) with a ®xed work load are in accordance with the results presented in Table 3 for the chamber experiments with relative work loads (D(Hi.F vs Red.F): DCHO, À16.0 AE 36.0 vs À70.0AE 25.8 gad, P`0.05; Dfat, 6.4 AE 21.8 vs 34.9AE 22.5 gad, P`0.1). The difference in CHO balances (D(DCHO)) at month 16 (second day) and the month 0 measurement of À54 g of CHO per 24 h indicates that, for the same protocol, more CHO was oxidized at month 16. The difference in fat balances (D(Dfat)) (28g) also indicates that subjects oxidized even less fat than at the start of the study. Energy and substrate balances (mean AE s.d.) of the obese (OB) subjects when fed a Hi.F-diet or a Red.F-diet at 0 months and at 16 monthsaday 2. The energy intake (EI), energy expenditure (EE) and energy balance (EB) are presented in MJad and the carbohydrate intake (CHO in), oxidation (CHO ox) and balance (DCHO), and fat intake (fat in), fat oxidation (fat ox) and balance (Dfat) in gad.
Signi®cant differences between month 0 and month 16aday 2 are indicated with 1 . Figure 2 Twenty-four-hour respiratory quotients (RQ) and food quotient (FQ) (mean AE s.d.) of the high-fat (hatched bars) and reduced-fat (®lled bars) diet at 4 months (M 4), at 10 months (M 10), and at 16 months (M 16) for the obese group and of the once-measured well-trained group. *P`0.05 between month 4 and month 10 (between both diets); # P`0.05 between month 4 and month 16 (between both diets).
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The data presented in Table 4 show that no differences in substrate oxidation had taken place on a high-fat diet, but were clear on a reduced fat diet.
Macronutrient composition of the diet
The effect of the macronutrient composition of the diet on substrate oxidation is presented in Figure 2 for the obese group and the well-trained group. Comparison of the FQ of the diet and the measured RQ of the well-trained subjects showed signi®cant differences. For both diets the 24 h RQ value, measured from 0.00 h to 0.00 h the next day, was higher than the FQ value at all time points for the obese group (range 0.01 ± 0.04 for the Hi.F diet, signi®cantly higher RQ at 10 and 16 months; range 0.00 ± 0.02 for the Red.F diet, RQ not signi®cantly different from FQ). These differences were even more pronounced in the welltrained group: a difference in RQ and FQ of 0.07 was found for the Hi.F diet, and a difference of 0.04 for the Red.F diet (P`0.05). The obese group showed changes in RQ in the course of the study in the direction of the well-trained group. However, the 24 h RQ values measured after 16 months of training were still signi®cantly lower compared with the 24 h RQ values of the well-trained group, on the Hi.F diet (Hi-F diet : RQ obese 0.83 AE 0.01 vs well-trained 0.86AE 0.01, P`0.001). For the Red.F diet the differences in RQ were not signi®cant (Red.F diet: RQ obese 0.89 AE 0.02 vs well-trained 0.90AE 0.03, NS). These ®ndings are further illustrated in Table 3 .
No relation was found between the CHO ± fat ratio of the diet prior to the chamber experiment (see Table  2 ) and the substrate oxidation measured in the chamber (for CHO intake and CHO oxidation, r 0.19, NS; for fat intake and oxidation r 0.18, NS).
Training status
To ®nd out how the 24 h positive fat balances and negative CHO balances could arise, as found at month 16 (day 1) and especially for the lean, well-trained group (see Table 3 ), the data were further analysed by comparison of substrate oxidation during the ®rst and second night (a 12 h measurement from 19.00 to 7.00 h). In Figure 3 (a) the amount of CHO oxidation is presented for the Hi.F and Red.F diets in he obese group (at month 16) and the well-trained group for the ®rst and second night in the respiration chamber.
No differences between the ®rst and second night were found in CHO oxidation with ANOVA-repeated measurements. For fat oxidation, however, as presented in Figure 3(b) , the differences between the ®rst and second night were signi®cant (P`0.05). An increase in fat oxidation was found in the Hi.F-groups in the second night.
Because clear negative CHO balances were found for 24 h data (Tables 3 and 4 ) and no differences were seen in CHO oxidation of night 1 compared with night 2 (Figure 3(a) ), a large amount of CHO had to be oxidized during the day. RQ of the different parts of the day were calculated, for resting metabolic rate (measured from 7.15 to 8.00 h), for 2 h cycling and the total 24 h RQ during the day. In Table 5 the different RQs are presented for the obese (at 4,10 and 16 months) and for the well-trained group. Figure 3 (a) The carbohydrate oxidation measured during the ®rst and second night in the respiration chamber from 19.00 to 7.00 h. Carbohydrate oxidation (total over 12 h) is presented for the obese group (ob) at 16 months and the well-trained (wt) group for the high-fat (Hi.F) and reduced-fat (Red.F) diet during the ®rst (hatched bars) and the second night (®lled bars). No differences in CHO oxidation were found between the ®rst and second night. (b) The fat oxidation measured during the ®rst and second night in the respiration chamber from 19.00 to 7.00 h. Fat oxidation (total over 12 h) is presented for the obese group (ob) at 16 months and the well-trained (wt) group for the high-fat (Hi.F) and reduced-fat (Red.F) diet during the ®rst (hatched bars) and the second night (®lled bars). Signi®cant differences in fat oxidation were found between the ®rst and second night for the Hi.F-consuming groups (indicated with *). 3 signi®cant differences between diets; and 4 differences between obese and well-trained group.
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Signi®cant differences over time, between diets, and between the groups (as a consequence of the training status) were found for the 24 h RQ. The well-trained subjects showed signi®cantly elevated RQs in comparison to the obese subjects for the HI.F-diet group as well as for the Red.F-diet group. During cycling the RQs differed signi®cantly between diets, but not as a consequence of training status. All RQs measured differed signi®cantly between the diets in the obese group, except for the RMR RQ at 4 months.
Regression analysis to clarify the factors related to CHO and fat oxidation (during the ®rst and second night), were performed. Body fat percentage and hours of training weekly were used as factors to explain the variance in substrate oxidation in the ®rst and second night. The relation between body fat% and fat oxidation increased in the second night (r 0.33, P 0.09) during the ®rst night and r 0.41, P`0.05 during the second night). The changes in body fat% and fat oxidation were not at all related. Also, hours of training per week was not related to fat oxidation. No relation was found between body fat percentage or hours of training with CHO oxidation.
Discussion
Substrate oxidation
The data presented clearly indicate that the training intervention resulted in a higher reliance on CHO as the 24 h energy substrate in the course of the study, assuming a constant food intake and CHO ± fat ratio. The results are supported by similar ®ndings in a welltrained group, which indicate that life-long training results in increased 24 h CHO oxidation and less fat oxidation during a 24 h energy balance protocol in the respiration chamber with 2 h of moderate exercise. With respect to the substrate oxidation results found in the present study, two important factors should be stressed. Firstly, the results are collected under strict energy balance (except for the month 0 and month 16asecond day). Secondly, the results presented are based upon 24 h data and include not only exercise performance data.
Our results are in line with a recently published study of Roy and coworkers. 32 Trained and nontrained subjects also showed similar substrate oxidation in a respiration chamber, when consuming isoenergetic high-and low-fat diets. The type of diet that was consumed had a major effect at substrate oxidation, whereas prior athletic training (training history) had no effect on substrate oxidation, 32 a result in agreement with our ®ndings.
An explanation for the clear negative CHO balances (increased CHO oxidation) found could be the increase in absolute exercise performance (relative 40% W max ). The increased energy expenditure has to be generated by more fuel, and could therefore explain, when an impaired fat oxidation is present, the increase in CHO oxidation. However, the results comparing the absolute work load at month 0 and month 16aday 2 (see Results section) showed a similar shift in substrate oxidation towards CHO. The work load cycled at the ®rst 24 h respiration chamber day at month 16 ws signi®cantly higher (15%) in comparison to the baseline 40% W max work load. This illustrates that it was worthwhile differentiating between absolute and relative work load. The oxidation of substrates, however, did not differ signi®cantly, and stressed again that the 16 months exercise intervention did not improve fat oxidation in the obese subjects.
We are aware of only two other studies reporting an increase in CHO oxidation after an exercise intervention. In he ®rst study post-obese women trained two to three times a week for 45 ± 60 min outdoor running and cycling for 3 ± 4 months. 33 Although the intensity and frequency of the training sessions was lower in comparison to the present study, on average a comparison with our study is very well possible. Sleeping and 24 h RQ were found to be signi®cantly increased after the training intervention, and an increased CHO availability after training was suggested. 33 Also Westerterp and coworkers reported an increase in RQ during the night. 34 Untrained, normal-weight male and female subjects participated in an endurance training intervention of 44 weeks, to complete a half-marathon. Overnight a change to relatively less fat and more CHO oxidation was found in the course of the training intervention. 34 Their suggestion that training could result in an increased insulin sensitivity, and therefore end up with higher glycogen stores, agrees with the suggestion of Tremblay and Buemann that more CHO was available stored as glycogen. 11 Increased glycogen levels in trained (584 mmolakg dry weight) compared with untrained subjects (433 mmolakg dry weight) have been found. 16 Higher glycogen levels therefore might result in an increased 24 h CHO oxidation. Although the measurements in the present study were carried out under the condition of energy balance, we would like to suggest, besides the increase in insulin sensitivity and consequently higher CHO oxidation, that the increased CHO oxidation could be explained by lipogenesis or fat storage in the muscle. Predominant depletion of intramuscular triglycerides (IMTG) during exercise has been found in trained subjects, suggesting that the greater utilization of fat during exercise is due to increased lipolysis of IMTG. 35 These stores need to be replenished, which could possibly be done via increased 24 h CHO oxidation. Lipogenesis might therefore explain the increased 24 h CHO oxidation found with training.
We cannot exclude the possibility that the increased reliance on CHO as a substrate found may be a measurement error, since we did not measure nitrogen excretion to calculate protein balance. However, in our laboratory it was found repeatedly that protein intake balanced protein oxidation. 25, 27, 28 Furthermore, Exercise training increases 24 h carbohydrate oxidation WJ Pasman et al the ®nding that the well-trained subjects showed an even more pronounced 24 h CHO oxidation might suggest that other regulatory mechanisms are involved when substrate oxidation is examined for 24 h, instead of during short exercise bouts. The 24 h negative CHO balances and positive fat balances found in the present study are in contrast to the general consensus that endurance training stimulates fat oxidation during exercise 12,14 ± 16 and during rest. 9, 13 The positive fat balances, even in the Red.F conditions, might indicate that the amount of fat supplied was too high or that fat oxidation was reduced. During the training intervention the fat balance became even more positive (an increase of 35 g), already indicating that fat oxidation did not improve. The similar differences found in the CHO balance (70 ± 80 g) and the fat balance ( AE 35 g) for both types of diets, indicate that a 1 y training program did not alter metabolic capacity to increase fat oxidation. An increased CHO oxidation via increased insulin sensitivity and possibly muscle lipogenesis might explain decreased instead of increased fat oxidation.
Our ®ndings are in contrast with previous ®ndings in our laboratory. Van Dale and Saris 36 found in obese women participating in a diet and exercise program for 14 weeks, that fat oxidation had increased as a consequence of training. However, this was observed under a strong negative energy balance, which is also the case in the present study from month 0 to month 4. In the present study the fat oxidation was also highest at 4 months; substrate oxidation matched substrate intake, even with a Hi.F diet. This is especially clear from the RMR-RQ data at 4 months ( Table 5 ). The training effect was achieved after 4 months and training status did not increase, as already discussed elsewhere. 37 However, maintenance of the physical ®tness was possible, although BW gradually increased in the last 12 months.
Macronutrient composition of the diet
Fat oxidation was relatively higher in the groups that received a Hi.F-diet compared with the groups that received a Red.F-diet. Increased fat oxidation when Hi.F diets are supplied has been found before. 28, 38 This ®nding is in contrast with the result of Schutz, who observed no increased fat oxidation after addition of 106 g of fat to a meal. 5 The equicaloric exchange in macronutrients as carried out in our study might explain this difference. Because less CHO was consumed with the Hi.F diet, less CHO oxidation took place and fat oxidation will increase on a Hi.F diet. 30 A possible explanation for the fast adaptation of substrate oxidation to substrate intake could be the increased energy turnover due to the exercise bouts, as was already shown by Schrauwen and colleagues. 39 The effect of fat intake at fat oxidation is assumed to be similar at all measured time points. The increased positive fat balances found at 16 months, under similar testing conditions, shows independently of the fact that fat is added or CHO replaced by fat, that less fat was oxidized in the course of the study.
In the present study the Hi.F or Red.F diet given in the respiration chamber was supplied to the subjects acutely. The diet consumed in the chamber was not supplied the days before at home, so no adaptation to the diet could take place. Based upon the reported food intake it is unlikely that the type of food consumed prior to the respiration chamber measurement affected substrate oxidation measured in the chamber. However, food intake was clearly under-reported when compared to EE. Therefore we cannot draw ®rm conclusions in this respect. A carry-over effect of prior diet consumption could cause the actual substrate oxidation in the respiration chamber. On the other hand, there are no indications that this inconsistency on an individual base will change due to this type of intervention. The differences in oxidation response found after macronutrient intake ( Figure 3 ) indicate that CHO oxidation was already similar to intake during the ®rst night, stressing a fast adaptation. This was not found for fat balances; adaptation to a fat balance has recently been found to be more time consuming (one week), 39 but might be shortened by the increased energy turnover in our subjects.
The changes in substrate oxidation caused by training should preferably be studied with the data of the ®rst measurement at month 0, and compared with month 16 (day 1). However, because of the clear negative energy balance at the start, as a result of a higher actual EE than estimated EE and supplied EI, we decided to study the effect of training when subjects were in energy balance after weight loss (at month 4) and compare the results with the results obtained at month 16 (day 1). The second day of the month 16 measurement was carried out to obtain the same negative energy balance and also the same absolute work load, to create an identical situation in order to study the effect of training over the complete 16 month period. These results con®rmed the ®nding that endurance training resulted in increased 24 h CHO oxidation.
Conclusions
Endurance training did not result in an increased fat oxidation over 24 h, as is often found for the training performance itself. Data from well-trained subjects supported the ®nding that during this 24 h energy balance protocol in the respiration chamber mostly CHO was oxidized. It was further found that the acute change in CHO ± fat ratio in the diet supplied in the chamber affected the substrate oxidized, resulting in relatively higher fat oxidation on a high-fatalowcarbohydrate diet, and relatively higher carbohydrate oxidation on a low-fatahigh-carbohydrate diet. Future Exercise training increases 24 h carbohydrate oxidation WJ Pasman et al studies should analyse the discrepancy of substrate oxidation during exercise and 24 h substrate oxidation.
